(i) simple aliphatic aldehydes; (ii) ortho-quinones, oc-diketones and oc-ketoesters; (iii) oc,ß-unsaturated ketones; (iv) para-quinones; ( t') cyclic aromatic anhydrides.
(1)
In some of these systems the phosphorus atom of the phosphite attacks the carbon of the carbonyl function; however, in others, the phosphorus attacks the oxygen of the carbonyl. Sometimes, the products are open dipolar adducts; sometimes, they are five-membered cyclic oxyphosphoranes, in which the phosphorus is pentacovalent.
In all of these cases, we have attempted to carry out the reactions under the mildest possible conditions and to detect and isolate labile intermediates. The physical properties of these intermediates will be stressed, for example, the infrared and the proton and phosphorus nuclear magnetic resonance spectra. However, our main preoccupation will be with the synthetic possibilities of the reactions. Early in 1957 we showed that the phosphorus of trimethyl phosphite had a tendency to attack the oxygen atom of a number of para-quinonesl, 2 (I). We obtained indirect evidence for the formation of intermediate phosphonium-phenoxide dipolar-ions (II). However, these could not be isolated due to a rapid alkyl group translocation which led to alkyl ethers of paraquinol phosphates (III).
I t was natural to raise the question of the generality of this mode of reaction between phosphites and other carbonyl functions. We found again that the phosphorus ofthe phosphites attacked the oxygen of ortho-quinones3, 4 (IV). However, in this case there was no alkyl group translocation of the type that had been encountered in the para-quinone case.
The properties of the ortho-quinone-phosphite 1 :1 adducts were so striking that we initiated a thorough examination of their infrared and Raman spectra, and of their proton and 31p nuclear magnetic resonance spectra (n.m.r.). The results led us to the conclusion that these adducts have the structure of cyclic unsaturated pentaoxyphosphoranes (V) in which the phosphorus is covalently bound to five oxygens3, 4. The phenanthrenequinone-phosphite 1:1 adducts (V) in general, are crystalline ( Figure 2 ) .
The signal given by the 31p nucleus in the n.m.r. spectrum appears at a much higher magnetic field in the adducts than in the reference compound which is 85 per cent phosphoric acid ( Figure 2 ). This is denoted by a positive value of the chemical shift. The significance of these positive n.m.r. chemical shifts is that the phosphorus nucleus is more effectively shielded by electrons in the adducts than in the reference. This is understandable if the adducts have a cyclic pentaoxyphosphorane structure + rather than an open tetraoxyphosphonium cation structure: (RO)sPOR~ In the latter, the phosphorus nucleus should not be shielded by the oxygen electrons to any greater extent than in the reference phosphoric acid: ( Figure 3 ). The behaviour of aromatic !X-diketones towards phosphite esters was found tobe analogous to the behaviour of ortho-quinones3, 4, The resulting 1 :1 adducts (VI)· had the properties of cyclic unsaturated pentaoxyphosphoranes. The benzil-phosphite adducts are crystalline, and the P n.m.r. signals appear at higher fields than the signal of the reference, phosphoric acid (Figure 4 Figure 4 . Cyclic unsaturated pentaoxyphosphoranes
The phosphorus of phosphites attacks the oxygen of aliphatic cx-diketones and forms 1:1 adducts which have also the structure of cyclic unsaturated pentaoxyphosphoranes (VII, Figure 5 ). The biacetyl-phosphite adducts are Iiquids, and their P n.m.r. shifts are strongly positiveS, 4 These oxyphosphoranes are quite stable and many of them can be distilled unchanged. However, they react very rapidly with water, with dry oxygen and with a variety of reagents like bromine, ozone, and hydrogen in the presence of catalysts 3, 4. Let us examine in detail some ofthe physical properties of a representative member of the family of cyclic unsaturated oxyphosphoranes: the biacetyltrimethyl phosphite 1:1 adduct.
The infrared spectrum shows no carbonyl band ( Figure 6 ). I t shows a weak band at 5·75 p. (1740 cm-1) which must be due to the C=C 
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cm-1 Figure 6 . Infrared spectrum of the biacetyl-trimethyl phosphite 1 :1 adduct, in carbon tetrachloride solution (Reproclw;ed with Permission from ref. 4) bond because it appears as one of the strongest and most polarized lines in the Raman spectrum4. Figure 7 shows the proton n.m.r. spectrum of the biacetyl-trimethyl phosphite adduct as having two lines due to the methoxyl protons which are coupled to the P nucleus4. Since the 31p nucleus has a magnetic moment with a spin number I = 1/2, the signal due to the protons will be split into a doublet. Figure 7 . 1 H n.m.r. spectrum of the pure liquid 1:1 biacetyl-trimethyl phosphite adduct, at 56·4 Mcfsec, relative to benzene as external reference. The spectrum of a 10% CCl4 solution was obtained at 60 Mcfsec, relative to cyclohexane as intemal reference; the latter was measured in CCl4 solution against internal TMS; the shifts are: 6·56 T (lHP = 13 cfs) and 8·25 T. Tau ( T) values are obtained by subtracting the chemical shifts v. tetramethylsilane (TMS), given in parts per million, from the arbitrary value 10·00. lHP is the coupling constant between the proton and the 31 P nucleus (Reproduced with Permission from ref. 4) shows that the methoxyl protons in the adduct are more shielded by electrons than the protons of trimethyl phosphate, (CHaO)aPO. This is entirely consistent with the pentaoxyphosphorane structure and incon-+ sistent with a tetraoxyphosphonium structure, (CH30) 3 POR.
The single line at higher field is due to the protons of the two equivalent methyl groups attached to carbon. These protons are too far from the P nucleus and arenot split by it. The position ofthis line (8·25 T) is what one would expect from a methyl group attached to an olefi.nic carbon.
One of the interesting features of this spectrum is that it has only one cloubiet due to the three methoxyl groups attached to the phosphorus. This means that the three methoxyl groups are indistinguishable, or that they become equivalent under the conditions of the experiment. The latter seems more reasonable and it is possible that two doublets could be observed at considerably lower temperatures.
The phosphorus n.m.r. spectrum of the 1:1 biacetyl-trimethyl phosphite adduct should have ten lines because the phosphorus nucleus is coupled to the nine methoxyl-protons. One can observe eight of the ten lines in the spectrum taken at 40·5 Mcfsec (Figure 8 Figure 8 . 3lp n.m.r. spectrum ofthe biacetyl-trimethyl phosphite 1:1 adduct at 40·5 Me/sec. In this, and in all the spectra herein reported, the calibration was carried out as follows. A capillary tube containing trimethyl phosphite was immersed in the pure liquid or its solution, contained in the sample tube. A side band of trimethyl phosphite was placed near ( < 150 cfs) the spectrum of the unknown. The side band was measured by a frequency counter. Theseparation from the centre of the side band to the centre of the unknown was ascertained from the coupling constant of trimethyl phosphite, Jnp = 1 0·48 cfs. This gave the shift v. trimethyl phosphite. The latter was found to be 140·00 p.p.m. to low field of 85 per cent phosphoric acid, by similar measurements. This gave the shifts v. the primary standard phosphoric acid. AU spectra were determined in a Varian HR 100 instrument weak for observation. The chemical shift was +48·9 p.p.m. v. phosphoric acid. This particular oxyphosphorane retains its integrity in carbon tetrachloride, in methanol and in ethanol solutions. The alcoholic solutions must be examined immediately, because chemical reaction occurs slowly.
In summary3• 4, the physical properties ofthis, and ofthe other ~-diketone phosphite and o-quinone-phosphite 1:1 adducts which we have studied, are in accord with the five-membered cyclic unsaturated pentaoxyphosphorane structure, (V), (VI) and (VII); (see note added in proof, p. 368).
Two other laboratories have reported independent studies ofthe reactions of trialkyl phosphites with oc-diketones. Birum and Dever5 concluded that their 1 :1 adducts had the cyclic unsaturated pentaoxyphosphorane structure, and they provided data from phosphorus n.m.r. spectra.
Kukhtin and his co-workers6-8 have proposed several mechanisms for the reaction of trialkyl phosphites with oc-diketones and with o-quinones. They have suggested several types of structures for the intermediates and for what they regard as the final products of these reactions. First6, they proposed an attack by phosphorus on carbonyl carbon, followed by a rearrangement to a five-membered cyclic pentaoxyphosphorane analogaus to that suggested by us3, 4 and by Birum and Dever5. This intermediate was said to rearrange to a stable enol ether phosphate. Later7, they abandoned the five-membered pentaoxyphosphorane structure in favour of one having a ""' / 0
The final product was said tobe an oc-alkoxy-ß-keto-phosphonate. In more recent paperss they have suggested that both types of structures are actually formed and that these are capable of undergoing rearrangements to enol ether phosphates and to oc-alkoxy-ß-keto-phosphonates. In the systems that we have studied3, 4, using trimethyl and tri-isopropyl phosphites, there is no evidence of alkyl group migrations in the 1:1 adducts, at 20°. I t would appear that the Russian investigators6-8 now favourS the fivemembered cyclic oxyphosphorane structure for some of their 1 :1 adducts, at least for those formedunder certain experimental conditions.
While investigating the reactions of the 1 :1 biacetyl-trimethyl phosphite Mixture of 2 isomers between 65-75° /0·1 m m adduct, (VIII), we discovered a new type of reductive carbon-carbon condensation 9, 10. The rapid reaction of one molecule of biacetyl with one molecule of trimethyl phosphite is followed by a slow, but very clean reaction with a second molecule of biacetyl. The product is a 2:1 biacetyl-trimethyl phosphite adduct, (IX), which has the structure of a cyclic saturated pentaoxyphosphorane.
The formation of the 2:1 adduct occurs at 20° and is stereoselective: two diastereoisomers are produced, the meso form in 80 per cent yield and the racemic form in 20 per cent yield.
CH, 0-JS:::.~fCH, :r~H3 The meso form can be obtained in the crystalline state.
racemic
These oxyphosphoranes are very sensitive to moisture, but they can be distilled unchanged. The proton n.m.r. spectrum of the meso form of the 2:1 biacetyl-trimethyl phosphite adduct (IXa) has one cloubiet due to the methoxyl protons ( Figure 9 ). The signal is split by the P nucleus in the vicinitylo.
Again, as was the case in the 1 :1 biacetyl-phosphite adduct, there is only one cloubiet due to the three methoxyl groups, suggesting that these methoxyls become equivalent at room temperature.
There is a line due to the acetyl protons and a line due to the methyl groups attached to carbon. Figure 10 shows the proton n.m.r. spectrum of a 50:50 mixture of the meso and the racemic forms of the 2:1 biacetyl-trimethyl phosphite adduct (IXa and IXb). The solid curve corresponds to the meso form and _LA, 6·281" One can observe eight of the ten lines. The shift of the meso-isomer (IXa) is +54·8 p.p.m. relative to phosphoric acid ( Figure 11 ).
The phosphorus spectrum of the racemic form (IXb) is displaced 2·2 p. p.m. toward lower field. In other words, the shielding of the phosphorus by electrons is less effi.cient in the racemic than in the meso configurations.
The nurober of lines and the position of the lines are not affected by solution in methanol, if the spectrum is examined immediately.
The observation that phosphite esters are capable of causing a stereoselective, reductive, carbon-carbon condensation of carbonyl compounds was extended to a nurober of systems. Several examples are now shown, but, first a few questions should be asked:
(i) What is the mechanism of the reaction? (ii) What factors determine the configuration ofthe isomers which are formed? (iii) What can be done with the cyclic saturated oxyphosphoranes; for example, can the phosphorus be removed from them?
( iv) Wha t is the scope of the reaction ?
The reaction involves initially a fast attack by phosphorus on oxygen, the driving force being the formation of a cyclic unsaturated pentaoxyphosphorane (XI). Wehaveseen this before (cj. VII and VIII).
The second step is a slow nucleophilic addition of carbon to a carbonyl function. The driving force is again the formation of an oxyphosphorane (X), but the net result is the conversion of an unsaturated into a saturated oxyphosphorane.
Two factors seem to determine the proportion of isomers formed; (i) a steric factor which should lead predominantly to that isomer in which the least bulky groups (R) come close to each other;
( ii) an electronic factor associated with a favourable dipole-dipole interaction among the carbonyl groups, when these are present in R.
We have observed cases of stereoselectivity (two isomers) and cases of complete stereospecificity, ( one isomer) in these condensations. This new carbon-carbon. condensation can give rise to: Wehave also observed cases in which the predominant phosphate is the cyclic one but in which some of the open-chain phosphate is also produced.
Studies with oxygen-18 isotope have shown that the oxygen of water becomes attached to the phosphorus of the phosphate ester in the form of a phosphoryl groupll.
Just as the cyclic oxyphosphorane (XIV) undergoes instantaneous hydrolysis to cyclic phosphotriesters (XV), the latter undergoes rapid hydrolysis to cyclic phosphodiester (XVII). The ring is preservedll.
The five-membered cyclic phosphotriesters hydrolyse at a much faster rate than the open-chain phosphotriesters. The hydrolysis involves a phosphorus-oxygen bond fission, as shown by isotope-tracer studies.
The phosphorus can be removed from the cyclic diesters with variable ease, depending on the nature of the groups A, B, C and D attached to the five-membered ring. The structure ofthe five-membered cyclic phosphates is well substantiated. For example (Figure 12 ), note the proton n.m.r. spectrum of one of them. The upper half shows signals for the methoxyls (a 3 1 H doublet), the acetyls and the methyls. The lower half shows that on standing there is a Stereomutation at phosphorus giving a mixture of two isomers, one with the methoxyl up and the other with the methoxyl down. This phenomenon is confirmed by the proton n.m.r. spectrum ( Figure 13 ) of a diastereoisomer at carbon of the same phosphate. Now, a change of configuration at phosphorus does not create a new isomer (note one methoxyldoublet only). (XVIII) Turning now to the scope of the reaction, we find that the 1:1 biacetyltrimethyl phosphite adduct (VIII) reacts smoothly with anhydrous propionaldehyde and gives only one diastereoisomer of the oxyphosphorane (XVIII) in about 80 per cent yield. We believe that this isomer has the methyl and the ethyl groups in a trans-relationship. This is, apparently, a case in which the stereochemistry of the product is dictated by steric factors, since there is only one carbonyl function left in the adduct. The 3lp shift is strongly positive: +51·3 p.p.m.
Butyraldehyde .behaves like propionaldehyde in this condensation. One isomer ofthe oxyphosphorane is formed. 31p shift: +51·2 p.p.m.
Heptanal gives one isomeric oxyphosphorane. 31 P shift: + 51·3 p.p.m.
The phosphorus can be removed from the oxyphosphoranes and this constitutes a new stereospecific synthesis of cc,ß-dihydroxyketones. Figure 14 shows the P n.m.r. spectrum of the biacetyl-butyraldehydetrimethyl phosphite adduct. One can observe sixteen of the theoretical twenty lines. n n n 8\n
at 40·5 Me/sec Figure 14 . Phosphorus n.m.r. spectrum of the biacetyl-butyraldehyde-trimethyl phosphite adduct: Neat liquid and solutions in methanol (freshly prepared) and acetonitrile. The signal due to phosphorus is split into ten lines by the nine methoxyl protons. Each of these is split into two lines by the lone methine protons. Sixteen of the twenty theoreticallines can be seen
These twenty lines result from a coupling between the phosphorus and the nine methoxyl protons, which should give ten lines; each of these ten lines should be split into two lines by the methine proton since this proton is three single bonds away from the phosphorus.
;~JBc/sJ The proton n.m.r. spectrum of the biacetyl-butyraldehyde-trimethyl phosphite adduct is shown in Figure 15 . Only one of the two possible diastereoisomers is formed in the reaction. The assignment of configuration is based on comparisons with the biacetyl-benzaldehyde-trimethyl phosphite (XIX) where the configuration is known. (XIX) The 1:1 biacetyl phosphite adduct reacts with benzaldehyde at room temperature, in the course of several days. The reaction is nearly stereospecific and the major isomer has the acetyl group and the phenyl ring cis to each other. This is inferred from the relatively high field at which the acetyl signal is found in the lH n.m.r. spectrum. The phenyl ring shields the acetyl protons. The position of the methyl signal is normal.
Only a very small amount of the diastereoisomer is found. However, the 1 H n.m.r. spectrum of this isomer which has the phenyl cis to the methyl, can be obtained. Now, the methyl signal is at an abnormally high field, while the acetyl signal is normal. The P n.m.r. signal is positive (+SO p.p.m.).
(XX)
The reaction of the 1:1 biacetyl phosphite adduct (VIII) with methyl pyruvate is stereoselective. Both isomers (XX) are produced, although one ofthem greatly predominates. We believe that in the majorisomer the two methyl groups are trans to each other and if this is the case, we have here a situation in which the steric repulsion between two methyl groups CH CH
outweighs the dipole-dipole attraction between the acetyl and the carbomethoxy groups. The P n.m.r. signal is at high field: +SO p.p.m. The phosphorus can be removed easily from the pentaoxyphosphorane and this constitutes an interesting synthesis of a,ß-dihydroxy-y-ketoesters.
Acenaphthenequinone is a highly reactive a-diketone and it condenses very readily with the 1 :1 biacetyl-phosphite adduct to give a pentaoxyphosphorane (XXI), nearly stereospecifically.
The product is crystalline and has a positive chemical shift: +50·5 p.p.m.
We have seen a nurober of condensations between two identical or two different carbonyl compounds induced by phosphite esters.
These condensations were carried out stepwise, i.e., a 1:1 adduct was formed first and this was then reacted with a second carbonyl compound.
The reaction of acenaphthenequinone with trimethyl phosphite revealed a new characteristic of many condensations of carbonyl compounds with phosphite esters.
Acenaphthenequinone reacted rapidly and quantitatively with trimethylphosphite at room temperature. However, the only product that could be isola ted was the 2:1 adduct: a cyclic saturated oxyphosphorane, (XXII).
The 1 :1 adduct could not be isolated. The P n.m.r. signal of the crystalline 2:1 adduct is +48·0 p.p.m. The reaction is nearly stereospecific. The reaction of the ~-ketoester methyl pyruvate with trimethyl phosphite resembles the reaction of acenaphthenequinone. The 1 :1 adduct could not be obtained, but the 2:1 adduct (XXIII) was isolated in 85 per cent yield.
This reaction is stereoselective: two isomers are formed in a 40:60 ratio. We believe that the minor isomer has the meso configuration, with the methyl groups in cis relationship. The majorisomer has the racemic configuration, with the methyl groups in trans relationship.
The phosphorus n.m.r. multiplet of the meso isomer is centred at +52·2 p.p.m. The multiplet of the racemic isomer is displaced 1·8 p.p.m. toward low field.
A possible explanation for the fact that no 1 :1 adducts can be isolated in the condensations of methyl pyruvate and of acenaphthenequinone is that in these two systems the 1 :1 adduct derives little stabilization by unsaturated oxyphosphorane formation. The I :1 adducts are, therefore, very reactive. The inhibition of unsaturated oxyphosphorane formation may be both steric and electronic in origin. This condensation provides a new synthesis of tartaric acid homologues (XXIV), since the phosphorus can be easily removed from the oxyphosphorane.
The reaction proceeds weil with aromatic ~-ketoesters like ethyl phenylglyoxalate.
The reaction of trialkyl phosphites with pyruvic esters has been studied also by Pudovik and Konovalova12, although under conditions which are more drastic than ours; their results differed from ours.
The reactions of the biacetyl-trimethyl phosphite 1 :1 adduct with other carbonyl compounds have been written as if the cyclic oxyphosphorane were the reactive species. However, it is entirely possible that the actual reactive species is the open dipolar structure. None of the physical methods which we have employed in the structural elucidation of the 1 :1 adducts have revealed the presence of two species of the 1 :1 adduct in rapid equilibrium with each other, in solutions or in the pure liquids. This does not, of course, exclude the presence of small amounts of a very reactive open dipolar form. We have been studying fast reactions of the 1 :1 adducts, for example ozonizations at low temperatures, in an effort to obtain information on this question. · Regardless of the form ( cyclic or open) in which a 1 : 1 adduct reacts with another molecule of a carbonyl compound, the reactivity of the 1:1 adduct should be related to the stability of the cyclic oxyphosphorane form. Very stable oxyphosphoranes might be quite unreactive towards carbonyl compounds, and it may take a very reactive carbonyl to elicit any appreciable reactivity from these adducts. Our investigations of this point are not complete, but we have noted wide differences in the reactive of various types of 1:1 adducts towards the same carbonyl compound. For example, the benzil-trimethyl phosphite 1 :1 adduct fails to react with biacetyl under conditions which cause complete reaction ofthe biacetyl-trimethyl phosphite 1:1 adduct.
So far we have seen a series of attacks by the phosphorus of phosphites on the oxygen of carbonyl groups. This occurred whenever a negative charge on carbon can be stabilized by delocalization into some electronwithdrawing group, for instance in para-quinones, ortho-quinones, oc-diketones and oc-ketoesters.
I approach now the situation in which the carbonyl group is isolated, for example in the simple aliphatic aldehydes.
The reaction of trimet'h.yl phosphite with anhydrous propionaldehyde is quite slow at room temperature. For example, after 14 days, 60 per cent conversion to products was observed when three moles of propionaldehyde and one mole of trimethyl phosphite were stirred together at 20°.
The reaction is very simple. However, its inherent simplicity can be obscured if one attempts to speed the reaction by elevating the temperature.
First, the phosphorus of the phosphite attacks the carbon of the aldehyde and forms a 1 : 1 adduct.
The 1 :1 adduct cannot be isolated because it reacts more rapidly with a second molecule of the aldehyde and forms a 2:1 adduct (XXV). The interesting thing here is that the 2:1 adduct closes up and gives a cyclic tetraox.yalkylphosphorane, another type of organic compound with pentacovalent phosphorus13, Figure 16 . Phosphorus n.m.r. spectrum of the propionaldehyde-trimethyl phosphite 2:1 adduct: pure liquid at 40·5 Me/sec. The asymmetry of the spectrum is attributed to the presence oftwo very similar phosphorus nuclei of Stereoisomers (Reprodueedwilhpermissionfrom ref.l3) The reaction shown in Figure 16 is stereoselective: two diastereoisomers are produced but one of them predominates.
Note (Figure 16 ) that the P n.m.r. spectrum of the liquid 2:1 propionaldehyde phosphite adduct is not symmetrical. This means that there are two types of P-nuclei. The proportion of isomers can be altered somewhat by fractional distillation but they boil very closely.
The multiplet of the major isomer is at +34·2 p.p.m. and that of the At 60 Mc /sec the two doublets due to the methoxyl-protons of the two diastereoisomers cannot be resolved. At 100 Mcfsec, these can be resolved and were shown to have a separation of0·6 c/s at 100 Me/sec minor isomer is at +32·8 p.p.m. We are, again, in the presence of pentacovalent phosphorus13. The proton n.m.r. of the propionaldehyde phosphite 2:1 adduct is also consistent with a five-membered cyclic tetraoxyalkylphosphorane, (XXV, Figure 17 ). The spectrum of Figure 17 was obtained at 60 Mcfsec; at 100 Me/sec two doublets were observed in the methoxyl region (6·5 T). These are very close to each other (separation of 0·6 cfs) as would be expected of two stereoisomers (cis and trans HfH). 
J
The tetraoxyalkylphosphorane (XXV) undergoes very rapid hydrolysis to propionaldehyde and the a-hydroxy-phosphonate (XXVI).
Butyraldehyde reacts like propionaldehyde with trimethyl phosphite, but the reaction is even slower.
The condensation of aliphatic aldehydes with phosphites at 20° does not involve deoxygenation or alkyl group trans-location at the 1:1 or at the 2:1 stages. This is prevented by the formation of the cyclic oxyphosphorane. The oxyphosphorane (XXV) is capable of reacting further with a third molecule of propionaldehyde. This reaction is extremely slow at 20° and probably involves a prior ionization of the phosphorus-oxygen bond to form a transient dipolar 2:1 adduct (XXVII). This condenses with the aldehyde and forms a 3:1 adduct (XXVIII), which is apparently incapable of deriving much stabilization from a seven-rnembered oxyphosphorane closure.
I (XXIX) (XXVI)
At the stage of a 3:1 dipolar adduct (XXVIII), an alkyl group migration occurs and yields a 3: 1 acetal phosphona te (XXIX). The 3 :1 acetal phosphonate (XXIX) was formed in about 25 per cent yield when the proportion of the reagents was 3:1 aldehyde: phosphite. The acetal phosphonate (XXIX) was the major product when the proportion was 10:1 aldehyde :phosphite.
The 3:1 acetal phosphonate (XXIX) undergoes thermal decomposition, and this explains the complex reaction mixtures that result when the aliphatic aldehydes are heated with trialkyl phosphites.
The main products of the decomposition are a propenyl ether of the 1:1 rl-hydroxyphosphonate (XXX) and a mole of propionaldehyde. The structure and the configuration of (XXX) were established by lH and 31p n.m.r. and by infrared spectrometry.
A secondary mode of decomposition of the 3:1 acetal phosphonate (XXIX) gives the previously obtained 1 :1 rl-hydroxyphosphonate (XXVI), propionaldehyde and a third substance, not identified, which could be methyl propenyl ether or products thereof.
The reaction of butyraldehyde with trimethyl phosphitewas slower than that of propionaldehyde, but the course of the reaction was entirely analogous.
There are other reports on the reaction oftrialkyl phosphites with aliphatic aldehydes at elevated temperatures14, 15, Ginsburg and Yakubovich15 assumed, from hydrolysis experiments, that the main product of the reaction of trialkyl phosphites with butyraldehyde was a 2:1 acetal phosphonate formed by alkyl group migration in a 2:1 adduct analogaus to (XXVII). Although some of the end-products of these investigations and of ours are similar (i.e. the 1:1 oc-hydroxyphosphonates), the interpretations given to the course of these reactions show basic differences13-15,
The reaction of trialkyl phosphites with some aromatic aldehydes has also been reported 16, 17. I t should be emphasized that we are concerned, at this point, with saturated aliphatic monoaldehydes. I -
Let us next examine the situation in which the phosphorus is capable of forming a cyclic oxyphosphorane regardless of whether it attacks first an oxygen or a carbon in a carbonyl function. This is the case of the oc,ß-unsa turated ketones.
Trimethyl phosphite reacts with 3-benzylidene-2,4-pentanedione at 20°. The reaction is rapid and quantitative. The product is a crystalline 1 :1 adduct, which has the structure of a tetraoxyalkylphosphorane13, 18 (XXXI).
The P n.m.r. spectrum leaves little doubt that we have here another ex.ample of pentacovalent phosphorus13, 18,
The phosphorus signal (Figure 18 ) is split into two lines by the adjacent methine proton. Each of these lines is split into ten lines by the nine methoxyl protons. Sixteen of these twenty lines overlap and give eight lines, which added to the remaining four lines produce a pattern of twelve lines. Ten of these can be seen.
The position of the methyl protons (Figure 19 ) at 8·28 -r is typical of a methyl group on an olefinic carbon. This, and the position of the cloubiet due to the methoxyl protons at 6·58, indicate a five-membered cyclic Figure 18 . Phosphorus n.m.r. spectrum of the 1 :1 adduct from 3-benzylidene-2,4-pentanedione and trimethyl phosphite, at 40·5 Mcfsec, in CCI4, CHaOH and C2HsOH solutions. The theoretical spectrum should have 12 lines, because the coupling constants of the phosphorus with the methine proton and with the methoxyl protons are 24 cfs and 12·5 cfs respectively. Therefore sixteen of the twenty lines overlap and give eight lines which, with the remaining four lines, constitute a 12-line multiplet. Ten lines can be seen
j3H' 60Mc/sec unsaturated tetraoxyalkylphosphorane in accord with the phosphorus spectrum of Figure 18 .
If this 1 :1 adduct (XXXI) is indeed a cyclic oxyphosphorane, then its infrared spectrum (Figure 20) is of considerable interest. The band at 6·04 (L (1665 cm-1) must be the olefinic double bond and the strong and broad band at 6·40 (L (1565 cm-1 ) must be the oc-ß-unsaturated carbonyl which derives a great deal of single bond character from the large polarizability of a bond between oxygen and pentavalent phosphorus. Without the data from the 31p and 1 H n.m.r. spectra, the infrared spectrum of Figure 20 could have been taken as indicative of an open dipolar structure, although this, in turn, would not have explained the appearance of the olefinic band at 6·04 fL·
The 1 :1 adduct (XXXI) has considerable thermal stability. It fails to react with several carbonyl compounds. However, it undergoes hydrolysis very readily; a labile enol-phosphonate (XXXII) or a stable diketophosphonate (XXXIII) can be isolated. Both are crystalline, and their structure rests on 1 H and 31 P n.m.r. and infrared spectra.
The reactions of trimethyl phosphite with trans-dibenzoylethylene (XXXIV) and with 3-benzylidene-2,4-pentanesdione are quite different.
The latter, as we have seen, is very simple, and gives rise to a tetraoxyalkylphosphorane. The former is very complex and does not produce any detectable intermediate that can be regarded as an oxyphosphorane.
When equimolar amounts of trans-dibenzoylethylene (XXXIV) and trimethyl phosphite are allowed to react at 20° in methylene chloride solution, a 1 :1 adduct is produced. This adduct (XXXV) does not cyclize to an oxyphosphorane because it can undergo three other types of reactions.
(i) Adduct (XXXV) undergoes a fast proton shift to give a phosphitemethylene (XXXVI) which can be called also a trimethoxyalkylidenephosphorane. This proton shift occurs because the proton in the original position is more acidic than the proton in the final position. (ii) The 1 :1 adduct (XXXV), or the phosphitemethylene (XXXVI) are able to react further with a second molecule of the trans-dibenzoylethylene. This reaction will not be discussed further at this time because it is quite complex and the structure of the product is not certain. However, the formation of the 2:1 adduct accounts for the fact that significant amounts of unreacted trimethyl phosphite (but no unreacted trans-dibenzoylethylene) are found when the reagents are mixed in a 1 :1 mole ratio.
(iii) The 1:1 adduct (XXXV) is capable ofundergoing an intramolecular cyclization to give 2,5-diphenylfuran (XXXVIII) and trimethyl phosphate probably by the mechanism indicated in the sequence (XXXV-+ XXXVII -+XXXVIII).
This reaction is insignificant at 20° but becomes the predominant one at elevated temperatures. For example, if the reaction is carried out in boiling xylene, over 50 per cent of the diphenylfuran (XXXVIII) and trimethyl phosphate are formed.
The phosphitemethylene (XXXVI) is stable enough to be studied in solution, but it has not been obtained in the pure solid state. In solution, it undergoes a slow alkyl group migration (intra or intermolecular) to give the methyl ether of an enol-phosphonate (XXXIX). Thus, at the end of the reaction (3 or 4 days at 20°) the products found in the methylene chloride are the methyl-ether (XXXIX, major product) and products derived from the 2:1 adduct mentioned above.
These conclusions were reached from infrared, proton and phosphorus n.m.r. spectra of all products, and from chemical transformations of the intermediate phosphitemethylene (XXXVI), as follows.
The concentration ofthe phosphitemethylene (XXXVI) in the methylene chloride solution reaches a maximum after 9-10 hours at 20°, at the concentration of the reagents which were employed. At this point several observations were made:
(i) The infrared spectrum showed the strong band at 6·62 p. due to the "enolate" carbonyl and the strong band at 5·92 !J. due to the normal carbonyl in the phosphitemethylene (XXXVI).
(ii) The P n.m.r. spectrum showed a strong signal at -56 p.p.m. v. HaP04. This signal is reasonable for a trioxyalkylphosphonium cation but not for an oxyphosphorane.
(iii) The proton n.m.r. spectrum showed one doubletat 6·10 T ]HP= 12·0 cfs, which is to be expected for the protons of the methoxyl groups attached to the phosphorus of the phosphonium cation (XXXVI).
(iv) These physical properties of the phosphitemethylene (XXXVI)
were seen to decrease with time and finally, to disappear. They were replaced by the corresponding properties of the methyl ether of the enol phosphonate (XXXIX), which are summarized in Table 1 . ( v) If benzyl bromide is added to the solution of the phosphitemethylene {XXXVI), the benzyl ether of the enol phosphorrate (XLI) is obtained in about 60 per cent yield. This is a crystalline substance and it should be noted ( Table 1 ) that it gives rise to one doubletat 6·23 T, due to the methoxyl protons. The doublet is due to hydrogen-phosphorus splitting. The appearance of one doublet means that both methoxyls are magnetically equivalent, therefore, the ether phosphorrate must have the structure shown (XLI) (XLII): R = CH3 (XLIII): R = CH 2 ·CsHs and not the isomeric structure (XLIII) which would result ifthere had been no proton shift in the initial 1 :1 adduct (XXXV). The latter phosphorrate (XLIII) should give two doublets because the two methoxyls are not magnetically equivalent due to the asymmetric carbon.
(vi) If one mole equivalent of water is added to the solution of the phosphitemethylene (XXXVI) a relatively rapid reaction occurs at 20°. The
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It is clear that the final products of the reaction of trimethyl phosphite with trans-dibenzoylethylene will differ if the reaction is carried out in alcohol rather than non-hydroxylic solvents. The reaction in alcohol was reported recently by Harvey and Jensenl9, We have confirmed their report of the formation of dibenzoylethane (XLIV), tetrabenzoylbutane (XLIX), and trimethyl phosphate. However, we disagree with their conclusion that this reaction involves first the formation of a cyclic tetraoxyalkylphosphorane which then undergoes the rupture of a carbon-phosphorus bond to form a 1 :1 adduct with a phosphorus-oxygen bond.
The formation of 2,5-diphenylfuran from a reaction carried out in a sealed tube at elevated temperature has been reported by Kukhtin20, In summary, the 1:1 adduct which is initially formed from the reaction of a trialkyl phosphite with an oc,ß-unsaturated ketone may or may not close to an oxyphosphorane, depending on the structure of the ketone and on experimental conditions (cf. XXXV and XXXI).
Several reaction paths are available to the 1:1 adduct: (a) intramolecular condensation; ( b) proton -transfer; (c) alkyl group migration; (d) condensation with a second molecule of the ketone;
(e) extraction of a proton from a solvent.
The reactions of trialkyl phosphites with other unsaturated carbonyl systemswill not be discussed here21-28, A number of condensations of carbonyl compounds with phosphite esters which occurred readily at room temperature have been examined. A type of condensation that requires elevated temperatures concludes this paper.
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Biphthalyl Heat -Phthalic anhydride does not react with phosphite esters at room temperature. However, when the anhydride and triethyl phosphite are heated to reflux, a new type of condensation reaction is observed2 4 • The product is biphthalyl (LI).
This reaction is fairly general and affords some interesting substituted biphthalyls.
. A possible mechanism is attack by phosphorus on oxygen to give a transient 1 :1 adduct (LII). At the high temperature of this reaction sever al things can happen. For example a carbene (LIII) may result from the ejection of a phosphate ester. The carbene could dimerize to biphthalyl, or more probably, it would be trapped by the excess phosphite to give a phosphitemethylene (LIV). In fact, if the reaction of the anhydride with triethyl phosphite is carried out in the presence of a dialkyl phosphite (R'0)2P(O)H, the product is no Ionger biphthalyl, but a phthalide phosphonate (LV). This could represent the trapping of the carbenoid intermediate, but is not a compelling demonstration of its existence.
In this picture, the phosphitemethylene (LIV) would react with more anhydride to form biphthalyl (LI) in what amounts to a Wittig olefination reaction ( cf. LVI).
One need not assume, however, that a carbene is an intermediate at all
We are attempting to find ways to define more closely the mechanisrh of this type of condensation reaction. Figure 21 summarizes the four types of five-membered cyclic oxyphosphoranes which we have prepared in pure form, and which we have The crystal and molecular structure of the phenanthrenequinone-triisopropyl phosphite adduct has now been determined by X-ray analysis. The molecule is a nearly perfect trigonal pyramid with the phosphorus atom at its centre, the phenanthrene ring attached to one basal and one apical oxygen atom, and the isopropyl groups attached to the remaining two basal and one apical oxygens26.
